LED-based projectors have numerous advantages compared to traditional projectors. They are more compact, exhibit a larger color gamut and a longer lifetime, the supply voltage is lower and they can operate on batteries. However their light output is limited by the low optical power per étendue of the LEDs, although this is also improving constantly. With an efficient illumination engine design we can build an LED projector with a moderate light output and with superior properties. We present a compact LED projector with two 'Liquid Crystal On Silicon' (LCOS) panels. One of these panels is alternately modulating red and blue information while the other permanently modulates the green information to achieve the D65 white point. This architecture is first simulated using ray-tracing software. After testing the several parts of this architecture experimentally, we have built a demonstrator setup. Our demonstrator produces a moderate light output (37.3 lm) on screen with a sufficient contrast ratio and a very good uniformity, within a system étendue lower than 20 mm 2 sr. In spite of semi color sequential working, the color breakup and crosstalk are negligible.
INTRODUCTION
The market for digital projectors is one of the fastest growing markets. There are many projection applications such as 'business projectors', 'home theater projectors', 'rear projection television', 'handheld projectors', '3D Displays', etc. Projectors are not only used in professional environments but are progressively entering the consumer market. The challenge is to design high quality, durable, low cost and compact projectors. There is much research in this domain. LED-based compact projectors are one of the hot topics. The light flux of LEDs has improved consistently since their invention. This progress makes it recently interesting to use these devices as light sources for projection applications. Compared with traditional light sources, for example the mercury arc discharge lamps, LEDs have numerous advantages 1, 2 . They are small and robust, have a longer lifetime, exhibit a relatively narrow spectral emission band, resulting in a larger color gamut, and are directly available in R, G, B colors; the supply voltage is lower, they can switch on and off very rapidly, have a high dimming ratio that can be used to improve the contrast, they emit no UV, do not contain dangerous mercury etc. One disadvantage is the significantly lower luminance (optical power per unit of étendue 3 ). Because of this and the étendue limitation of the projector (size limitation of the light valve, f-number limitation of the projection system), the light output of a LED projector is currently limited, but Haitz' 4,14 law predicts a steady grow of the lumen output per LED package in the future 5 . Despite this shortcoming, LEDs are still very interesting for moderate light output applications because of their superior properties, but they should be designed efficiently. Using three primary color light sources makes a compact projector design possible. In this paper we present a LED projector with two "liquid crystal on silicon" (LCOS) light valves and four LEDs (red, 2x green, blue). A detailed description of the architecture is given in the following section.
DESIGN OF LED-BASED TWO LCOS PROJECTOR
Because of the different nature of LED light sources, the architecture of the classic projector must be adapted. The principal changes will be in the illumination part of the projector. As light valves, we have chosen LCOS panels. Alternatives could be high-temperature poly-silicon (HTPS) LCDs or digital micro-mirror devices (DMD TM ). The added value of LCOS panels is the very high resolution capability, their high fill factor, the analogous modulating character, and their availability and relatively low cost. We designed, simulated and optimized the projector setup using the optical design software ZEMAX. Further we built a demonstrator setup and characterized it experimentally.
The projector architecture
Before we discuss the architecture, we describe the projector parameters and the assumptions. We assumed an LCOS light valve with a diagonal of 0.82" and an aspect ratio of 4:3, which means the dimensions (WxH) are 16 .66mm x 12.50 mm. The system f-number is 2.88 which corresponds with rays of maximum 10 degrees top angle. The f-number is limited not only by lens cost considerations, but also by contrast requirements. With these assumptions we can calculate the system étendue, i.e. 19.73 mm 2 sr. We chose the illumination area somewhat larger than the light valve to have a certain overfill, which enables us to illuminate the micro display uniformly including the corners. The illumination area is 17.6mm*13.2mm, so we have almost 12% overfill. The aspect ratio is again 4:3. The rescaled system étendue is 22.01 mm 2 sr.
In this work we used OSTAR Projection LEDs from OSRAM 6 . The package type we used has 6 dies (LE X H3A) but we drove only 4 dies and thus a total surface of 2.1 mm x 2.1 mm. They have a lambertian radiation pattern and are truly surface emitters. They have no encapsulation dome and are emitting directly into the air. So we can couple them optically to the collecting light pipes. The source étendue will be 31.88 mm 2 sr or 30.67 mm 2 sr depending on the used material for the light pipe (BK7 in the simulations and Plexiglas in the experimental setup). This is roughly 50% more than the system étendue, which means that even in the ideal case, not all the rays will pass through the system. The architecture of the LED projector is given in figure 1 . It is a two-light-valve system where one LCOS is continuously reserved for the green channel and the other for the red and blue channels alternately. These two paths are totally separated so that crosstalk between the channels is avoided. The recombining at the end is done by a large 'polarizing beam splitter' (PBS). The PBS and the lenses are antireflection (AR) coated. All these components' losses are taken into account. In the illumination part, the main component is the "Gradually Tapered Light Pipe" (GTLP). In the following section we will describe in detail the principal parts of the projector.
LED illumination engine with GTLPs
LEDs have a totally different shape, radiation pattern, driving requirement, etc. than classic light sources. Therefore the illumination engine, which determines the brightness and the uniformity of the system, must be redesigned. We developed an illumination system based on custom made 'Gradually Tapered Light Pipes' (GTLP) 7 . These are components that act as collector and integrator and at the same time transform the lambertian radiation pattern into a pattern with the desired acceptance angle. The entrance surface is 2.2 mm x 2.2 mm and the exit window 17.6mm x 13.2mm (ratio 4:3). The cross section is gradually enlarging along the length (90 mm) of the pipe. The LED die (2.1mm x 2.1mm) is optically coupled to the GTLP by using index matching gel. The collected rays are propagating through the massive body (BK7 glass or Plexiglas) of the pipe by the principal of total internal reflection (TIR). The number of reflections in the pipe is a measure for the uniformity. At the end of the pipe, the spatial and the angular distributions of the light spot are adapted to the requirements, which means a uniformly illuminated rectangle (4:3 ratio and the size of LCOS including overfill) and an adapted angular distribution within the premised f-number (2.88). The light beam at the exit window is telecentric and could directly illuminate the light valve in case of transmissive LCD panels. Telecentric illumination means that each point of the rectangular beam has the same angular distribution. That is very important for the screen uniformity of the projector system. Otherwise, because of the angle-dependent behavior of some optical components (PBS, X cube, etc.), the uniformity of the imaged beam will degrade. In our case we still require a one-toone image that is realized by a telecentric three-lens system. The exit window of the pipe is placed in the object space and the LCOS panel in the image space of the system. The lenses are standard, commercial lenses. The brightness, uniformity and the efficiency of the GTLP will be presented later.
Green channel
Unlike the systems based on arc discharge lamps, green is the limiting color 2 in today's LED-based projectors. To have a color-balanced LED projector, the green color channel should have an increased light input compared to the other color channels. In practice, we require roughly two green LEDs for one blue and one red LED. Therefore we designed a two LCOS system where one panel is continuously illuminated by green LEDs and the other sequentially illuminated by the blue and the red LED. In this section the green channel will be explained. LCOS 1 could be continuously illuminated by one green LED, but we opted for another solution that is shown in figure  2 . Instead of one LED continuously driven at nominal current we used the pulsing capability of LEDs and we pulsed two green LEDs alternately at a higher current (twice the nominal current). The brightness of each pulsed LED is higher than in the nominal driving case but only during 50% of the time. Now the increased brightness can be added up in time and will generate a higher average brightness. By applying this technique 1 we achieved a substantial net gain of 36% with Luxeon LEDs. This gain is strongly depending on the type of LEDs and PBS. With the components (OSTAR 6 and HELF TM 8 PBS) that we used in our setup, this gain will only be 15%. First the LED indicated as "green1" is pulsed. As shown in figure 2 , PBS1 reflects the s-polarization coming from green1/GTLP1 to the right optical path. The p polarization is lost. After the last lens, there is a very fast switchable retarder, namely a ferro-electric liquid crystal (FLC) 9 retarder. This is an optical component with two states which depend on the applied electrical field. In one state (off state) it acts as a normal window and in the other state (on state) as a half-wave plate changing the polarization state of the incoming light. During the pulsing of "green1", the FLC is set in the 'off state' and thus the polarization will be unchanged. The pre-polarizer after the FLC filters out the unwanted (p) polarization. PBS2 will reflect the rays to the 'LCOS 1' which will modulate according to the green information. Between the PBS and the light valve a quarter-wave plate (not shown in figure 2 ) will resolve the problem of skew ray depolarization 10 . After the PBS2, the analyzer will again filter out the unwanted (s) polarization. The combination of the pre-polarizer, the analyzer and the quarter-wave plate will increase the contrast dramatically. Subsequently LED "green2" will be pulsed and PBS1 transmits the p-polarization towards the lenses and the s-polarization will be again lost. The FLC is now in the 'on state' and changes the propagated light flux to s-polarization. After this, the propagation continues in the same manner. LCOS1 modulates again the same information. During one frame time, both green LEDs will have been pulsed once alternately.
Red/Blue channel
The second light valve is used to modulate the blue and red information alternately. As in the green channel, the LEDs are pulsed alternately at a higher current to get higher peak brightness. As shown in figure 3 , the red and blue paths are combined, after the light pipes and the first lenses by a dichroic mirror. Up to the pre-polarizer, both polarizations are present in this part. The pre-polarizer filters out the (unwanted) spolarization. PBS 3 passes the flux that is modulated by LCOS2. We again added a quarter-wave plate between the PBS and the light valve to increase the contrast. After the PBS, the unwanted polarization (not modulated flux p-polarization) is filtered out by the analyzer. LCOS2 alternately modulates the red and blue information per frame.
Complete architecture
In the previous sections, the green and red/blue channels are described individually. In the total architecture (figure 1), both channels are combined by a large PBS. After the analyzer, the modulated flux in the green channel is in the ppolarization state and in the red/blue channel, it is in the s-polarization state, so we can combine them easily using a PBS. In addition, the PBS acts as an additional analyzer, increasing the contrast further. After the combining PBS, there is still a projection lens (not shown in figure 1 ).
With this architecture, using two light valves, we obtain a total light output similar to a three-light-valve approach because of the strong limitation of green LEDs. (Indeed in a three-panel system, we should drive the red and the blue LEDs at half power to obtain balanced colors). This makes our architecture more compact and less expensive. Compared with a single-panel color sequential architecture, we have a higher light output and reduced color breakup. Green is the most important color for projectors and by reserving one LCOS only for the green color we expect that the visibility of color breakup in our two-LCOS architecture will be suppressed considerably.
In our setup, the optical paths of the two channels (green and red/blue) are completely separated from each other. This leads to a high-quality projector with pure color images because cross talk is avoided between the green color, which contains most information, and the other colors.
SIMULATIONS

Optical throughput efficiency, uniformity and contrast
Computer simulation of this projection system was performed using ZEMAX to evaluate the optical throughput efficiency, uniformity and contrast. We have already described the system parameters in the second paragraph. We made here some more assumptions. The reflected flux from LCOS panels is 65% (90% fill factor, 4% absorption by the liquid crystal and 75% reflection coefficient), the efficiency of the projection lens is 80%, the lenses and PBS are AR coated. By using the PBS parameters R s, T p (table 2), its throughput can be calculated easily. For the red, green 1, green 2 and blue channels the resulting throughput is (T p R s R s ), (R s R s T p T p ), (T p R s T p T p ) and (T p R s R s ) respectively. The efficiency of the polarizer/analyzer is 97.6%.
We performed the simulation with these assumptions and we obtained different results for the different channels as expected (difference in losses). Table 1 summarizes the results. The item 'other losses' contains the geometric losses and the polarization losses. Étendue efficiency is the ratio between the system étendue and the source étendue. Another important characteristic of the projector is the uniformity of the light beam that illuminates the LCOS panel. This is reflected in the uniformity of the image on the screen. The GTLP provides a uniform beam that is imaged to the LCOS. Figure 4 shows the flux distribution on the LCOS panels. We can observe that the brightness is uniform over the complete rectangle (light valve). The grid used in the simulation was 52 x 39 and we simulated 5 million rays. To confirm this, we calculated the uniformity numerically using the ANSI 13-point-measuring-grid method 11 . This method implies dividing the display into nine identical rectangles, measuring the illuminance at the center of each rectangle and calculating the average of these illuminances. Afterward, the illuminance in the four corner points is measured at 10% of the distance from the corner itself to the center of the display. By comparing the brightest and the dimmest measurement location of these 13 points with the calculated average illuminance, we can express the uniformity numerically. We did this for the four images shown in figure 4 and the results are summarized in table 1. These results confirm the uniformity seen in figure 4 . We can conclude that we have a very good uniformity.
LED performances and color balancing
The LED is radiating directly in the air and thus the extraction efficiency is not very high. By coupling the LEDs optically to our light pipes (GTLP) as described in the previous sections, the source étendue will be 2.3 times higher (n 2 ). In our simulation, the increase of the étendue is already taken into account. Not only does the étendue increase, but also the light extraction from the LEDs. Theoretically the maximal achievable gain would be 2.35 12 . The actual gain is usually not sufficient to maintain the brightness (lumen/étendue) and is a little bit lower, namely about 2.
In this architecture, we pulse red/blue and green1/green2 alternately with 50% duty cycle at a current twice as the nominal current which is 1A. However the peak current for red LED will be limited at 1.4 A. Higher currents will decrease the light output. The pulse efficiency, which is defined as the peak flux divided by two times (in case of 50% duty cycle) the average flux, should be 100% in the ideal case but because of non-idealities of the LEDs (increasing voltage and decreasing efficiency by increasing current), the efficiency is limited to respectively 67.5%, 69.9 % and 77.3% for red, green and blue LED. Table 3 gives a summary of lumen outputs of the LEDs adjusted with optical coupling and pulsing efficiencies. Based on the color coordinates of the LEDs, we can calculate the lumen fractions needed for a balanced white color (D65). We measured the color coordinates with a spectrometer and performed the calculations. For a balanced white (D65) color, we require 66.34% green (33.17% green1 and 33.17% green 2), 29.71% red and 3.96% blue light from that type LEDs expressed in lumens. That is the ratio of colors in the projected flux. At the source, the ratios will be different because of different throughput efficiencies (see table 1 ). If we calculate back to the source the lumen ratios should be 34.55% red, 30.11 % green 1, 31.60% green 2 and 3.74% blue to have D65 white on the screen. We also have different ratios for the green LEDs to obtain an equal lumen output on the screen per green LED, otherwise we might observe flicker (intensity differences). The results are given in table 3.
Results
Now we can combine the results from the previous paragraphs to obtain the final results. By using the data from Normally green is the limiting color in LED projectors, but in this architecture and with these LEDs the red LED is the limiting color and is driven at maximum power, the green LEDs almost at maximum power. The blue LED has the remainder of optical power (62%). Table 1 presented the individual contrasts of each channel, but we are also interested in the on/off contrast of the total projector in a color balanced situation. Therefore, we must calculate the flux in the off state, with the right lumen fractions at the input. The ratio of the balanced white lumens to this off state flux is the total contrast and amounts about 2500:1.
We simulated a relatively compact and efficient LED projector with two LCOS light valves. The projector produces 119 lm D65 light flux with a high contrast ratio 2500:1 and a very good uniformity, within a system étendue lower than 20 mm 2 sr. These results are promising and we decided to build an experimental setup of this design.
DEMONSTRATOR SETUP AND EXPERIMENTAL RESULTS
In this paragraph we describe the experimental setup of the designed two-LCOS projector and discuss the results. We begin the discussion by analyzing the differences between the simulated model and the experimental setup. We give the throughput efficiencies of the several channels and make a flux balance of the LEDs. After that the electronic circuits are explained briefly. Next, the performances of the demonstrator are measured and the results are discussed. Finally we offer some suggestions to improve the light output in the future.
Experimental setup
We built the architecture given in figure 1 . Because of the mechanical restrictions (size holders) we omitted the cold mirrors and placed the GTLP1-GTLP2 and GTLP3-GTLP4 orthogonally. That will extend the architecture, but in this stage that is not so crucial. We built here a principle demonstrator and in a real product the overhead volume can be minimized. A photograph of this setup is shown in figure 5 . We covered the setup as much as possible with black cardboard to avoid that the scattering light decreases the contrast. The setup is built on a black painted sheet and the holders are also painted black.
Figure 5: Two-LCOS demonstrator
Most optical components are AR-coated as assumed, but not all of them. That will introduce extra Fresnel losses. The exit surface of the GTLPs is not coated. Only one surface (entering surface of the red/blue light) of (the large) PBS4 is coated. The dichroic mirror between the red and the blue channels is also not coated. That will mainly influence the red light flux. The polarizers, the analyzers, λ/4-waveplates and the LCOS panels are also not AR-coated. The light will meet 6 uncoated glass-air crossings between the PBS and the micro display. We minimized it to two crossings by coupling the λ/4-waveplates and the LCOS panels optically with index matching gel.
In the previous section (table 1) we saw that the simulation results of the designed GTLP were promising. We fabricated 7 these components in quadruple (one per LED) and measured the performances experimentally. The fabricated GTLPs have 2 to 9 % lower efficiency. The pipe material is Plexiglas (n Plexiglas < n BK7 ) and the source étendue is thus lower than simulated. That means that the étendue efficiency will be higher (64.34%).
The FLC is, unlike the simulated architecture, placed after the second lens. The clear aperture of the FLC is limited and after the third lens it stops some of the light rays. Besides after the second lens (focal plane of the first lens) it acts as a diaphragm that stops the light rays with an angle above 11.3º. The maximum allowed angle in this system is 10º. This component introduces a loss 1 The throughput of the LCOS panels in the simulation model is assumed to be 65% (90% fill factor, 4% absorption by the liquid crystal and 75% reflection coefficient). In the setup, we used QXGA LCOS panels from Gemidis. These panels have a better reflection (80%), but they are not AR-coated. That causes an extra Fresnel loss of 2 x 4 %. The effective throughput will be 63.7%. 80% throughput (assumed value) is a reasonable value for a projection lens. However the only projection lens available to us with a sufficient working distance, was a zoom lens with an f # between 3.0 and 4.0. Because of the f-number limitation the lens will stop a part of the rays. Besides, it is a dark system because of the presence of several lenses. In the state that we use it, the transmission is respectively 63%, 57.2% and 56.3% for red, green and blue light (instead of 80%). The projection screen has a measured reflectivity of 92.7%, 92% and 92.7% for R, G, B colors. In the simulation we did not take that into account.
In table 5 we have summarized these results. The item 'other losses' contains not only the geometrical losses and the polarization losses, but also the losses due to the FLC and the dichroic mirror. The last row gives a comparison between the experimental and the simulated throughput. The total efficiency of the architecture is lower than expected, but all the losses are localized. The decrease of the efficiency is lowest for the red channel (60%) and is large for the other channels (+/-30%). It means that the red channel will probably not be the limiting color. Before we discuss the measured light output of the LEDs, we will explain briefly the driving principle of the QXGA LCOS panels, because this is necessary to understand the chosen duty cycles for red and blue LEDs. The video is delivered at a frame rate of 60 fps. However the panels work at 120 Hz which means that the panels are written twice (line per line) with the same information during one frame period. That is very important for the red/blue channel because of the color-sequential operation. During the first time, when a frame is written, the panel will contain mixed information of both color components and thus cannot be illuminated by an LED. During the second write cycle, the panel will have only information of one component and can be illuminated with LED of that color. This means that the duty cycle for the red and the blue LEDs should not exceed 25%; otherwise the information will be illuminated with the wrong color on a part of the display. In that case, color crosstalk between the red and the blue channel will be unavoidable. Normally, the duty cycle needs to be even shorter because the liquid crystal has a certain response time (2.3 ms for the Gemidis panels at room temperature). We have experimentally verified that duty cycle of 25% is not disturbing and the color crosstalk is negligible. Now we will pulse the red and blue LEDs with 25% duty cycle (DC) instead of 50%. The time diagram of the LCOS illumination is shown in figure 6 .
The light flux of the OSTAR LEDs is given in the datasheets 6 . These values can be slightly different for several samples. We measured the samples that we used in the setup. The flux is respectively 319 lm, 319 lm, 332 lm and 66.2 lm for the red, green1, green2 and blue LEDs. Compared with the values in the datasheets (table 3) , mainly the blue LED has a lower optical output. Next, we coupled them optically with the light pipes. The enhancement is [83.4%, 76.4%, 87.7%, 19.0%] for the (R, G1, G2, B) LEDs. The enhancement of the blue channel is inferior. The main reason is the not-ideal flatness of the coupling surface of that GTLP. The pulsing efficiency of the green LEDs remains unchanged (DC = 50% and I peak = 2A), the red LED decreases to 0.399 (DC = 25% and I peak = 1.8A) and the blue LED decreases to 0.458 (DC = 25% and I peak = 2A). Now we can calculate the total light output of each channel. It is given in table 6. In the last row again a comparison is given between the experimental and the simulated light flux. The flux of the green LEDs is nearly the same as assumed. The red and blue LEDs are harmed by the color-sequential operation (duty cycle = 25%). Moreover, the blue LED is weaker as expected and has a bad optical coupling. If we combine table 5 and 6 (with lumen fractions of D65 in mind), we can conclude that blue will be the limiting color and the other LEDs will have the remainder of optical power. To increase the light output of the projector and make optimal use of the available LED power, we need more blue light. We can realize that by increasing the duty cycle and permitting some blue color crosstalk in the red information. Blue light in the red channel is not very disturbing. We experimentally verified that, the gain of light output outweighs the small effect of blue crosstalk. We chose a 35.9% duty cycle for the blue LED and I peak = 2A. The pulsing efficiency will be 57.8% and the total blue flux 45.7 lm (+27%). The red and green LEDs are now in balance (D65) and will have no remainder anymore.
Driving electronics
In this section we will briefly describe the driving circuits of the projector. Most of them are well-known circuits in the electronics. We will not discuss them in detail, but will explain their functions in the total system. The Gemidis light valves are delivered with their electronic drivers that consist of one 'Balder' and two 'Modi' boards (one per panel). The balder board is connected with the image source (e.g. a personal computer) and is getting the video stream at 60 fps but internally doubles this to 120 fps. A synchronization pulse will be generated per 60 Hz. In this board the frame information will be converted into R, G, and B components presented by 10-bit values. Each of these components will normally be sent to a modi board that is connected with an LCOS panel. The modi boards will calculate the necessary electric fields and will apply them to the panels to reconstruct an image. In our two-panel system, we have an adapted balder board that alternately swaps the blue and the red output channel. The green channel will get two times green information while the red (blue) channel will get alternately red (blue) and blue (red) information. By using one modi board (and one panel) that is connected with the red or the blue channel of the balder board, both color informations will be modulated alternately. The real frame rate will be 30 fps. The time diagram of this system is given in figure 7 . Here is the 'write' = 'illumination'= (1/120) s and 'total frame time' = (1/30) s The synchronization pulse will be used to switch the LEDs at the right moment. This pulse is not generated at the beginning of the frame and needs to be delayed. Therefore we built a timer (555) circuit in monostable operation mode, where the delay time is adjustable by a variable resistor. Besides, we need 5 transistor circuits to drive the LEDs and the FLC. The current through these circuits will be adjusted by a current source. Green LEDs have a fixed duty cycle of 50%. Red and blue LEDs have an adjustable duty cycle that is realized with the help of analog-to-digital-converters (ADCs). All these circuits are connected with a microcontroller. The microcontroller is the heart of the driving electronics. As input it uses the delayed sync pulse (interrupt input) and the 8-bit values of the ADCs. From these values the controller can calculate the duty cycle for red and blue LEDs. Each time a delayed sync triggers the controller, it will drive two of the four LED circuits (G1+R or G2+B) plus the FLC circuit. The next pulse will drive the other two LED circuits. Green LEDs will alternate each other (50% duty cycle) and red and blue LED will be electronically switched off after the adjusted duty cycle. The block diagram of the circuits is given in figure 7 . By using the sync pulse from the balder board, the illumination will be synchronized with the modulation (LCOS panels). 
Results
Based on the experience from section 4.1, we drive the LEDs with respectively 25%, 50%, 50% and 35.9% duty cycle (R, G1, G2, and B) to have a balanced white point (D65) and measure the light output, uniformity and contrast on the projection screen. The uniformity is measured according to the ANSI 13-point-measuring-grid method 11 . We measured two types of contrast: the on/off-contrast and the ANSI-contrast. The on/off contrast is evident and is done by measuring the brightness of a white (100%) and a black image and taking the ratio. On the contrary, the ANSI contrast 11 is somewhat complicated. We project a chessboard image and measure the brightness of the center of black and white rectangles. The average luminance value of the bright rectangles is divided by the average luminance value of the dark rectangles. The ANSI contrast is the ratio between these values. The results of these measurements are summarized in table 7. To measure the channels individually, we switched only the measuring channel (LED) on.
We can observe that the experimental results are lower than the simulation results. The reason is already discussed in section 4.1. Nevertheless, the projector has a moderate light output with good uniformity and reasonable contrast. While the uniformity is measured on the light valve in the simulation, we measured it on the screen in the experimental setup. The decrease of the uniformity is probably due to the projection lens and the fabricated GTLP. The lower contrast ratio has several reasons. In the simulation, the components like LCOS panels, λ/4-waveplate and polarizer/analyzer are By using LEDs as light source, the projector gets a larger color gamut that will result in a better color quality and vivid colors. Compared with a classic television system like NTSC, this LED projector produces 65% more colors. These colors will also be more saturated. Thanks to the semi-color-sequential operation, one panel is permanently reserved for the green color (most important color), the color breakup and crosstalk are strongly reduced. We still have some flicker because of the low frame rate (30 fps). The flicker is most pronounced in the red light. Green light is permanently present and will not cause any flicker and the intensity of the blue light is too minor to notice any flicker. In figure 8 , we show a picture of the projected image. In the picture, a number of objects with their natural color are imaged. The details are clearly visible and the contrast is good. The colors are truthful and very bright. 
Future perspectives
Compared with the simulation results, the demonstrator performance is too low (31%), but this can be still improved considerably. We will distinguish here two kinds of improvements: a short term improvements and a long term improvements. The short term improvements can in principle be applied immediately. These are adding anti reflective coatings on all optical surfaces (higher throughput and contrast), using a high efficiency projection lens (>80%) with the right f-number, an automated fabrication process (instead of manual) for the GTLP production to avoid any defects, using LEDs samples with a high brightness group 6 (binning) and using PBSes that have better performances (higher T p ) such as the simulated PBS.
The long term improvements are today impossible to apply and need some technological advances. These improvements are concerning the LED-and the LCOS-technology. The luminance of the LEDs is still increasing 4,14 and they will be more powerful in the future. Besides, there is also ongoing research about polarized LEDs 15 which will be very suitable for LCOS projectors. That will increase the brightness and the wall plug efficiency strongly. On the side of the LCOS panel, there are also some developments. In the current generation of LCOS panels, the frame information cannot be written immediately onto the whole panel which is limiting the available illumination duration in color sequential systems. However there is ongoing research towards smart pixel LCOS panel architectures 16 that is resolving this problem. By using an underlying frame memory, the frame information can be immediately written to the LCOS panels.
In our architecture, we could then pulse the red and blue LEDs with 50% duty cycle instead of 25%, which would effectively double the light output. We can also increase the frame rate to avoid flicker. By adding these improvements (short and long term) the light output of the projector will be highly increased.
CONCLUSIONS
We presented a relatively compact and efficient LED projector with two LCOS light valves. One light valve is alternately modulating the red and the blue information; while the other is permanently modulating the green information to get a balanced white color. The projector has a good image quality and a moderate light output. By using two panels instead of three, we have achieved an optimal cost-performance/quality ratio.
We first simulated the projector that produces 119 lm D65 light output with a high contrast ratio 2500:1 and a very good uniformity, within a system étendue lower than 20 mm 2 sr. After that we built a demonstrator setup of this 2-LCOS projector and characterized it experimentally. We also designed custom electronics to drive the LEDs synchronously with the LCOS panels. The measured light output is 37.3 lm D65 color point. The on/off contrast is 477:1 and the ANSI contrast is 61.6:1. The uniformity is still very good. The differences between the simulation and experimental results are mainly due to the used components and they are discussed thoroughly in this paper. The use of LEDs results in a larger color gamut which means that the colors seem to be more truthful and vivid. In spite of the semi-color-sequential operation, the color breakup and crosstalk are limited to acceptable values. The main remaining problem is that of flicker in the red and the blue color because of the limited frame rate (30 fps). We are convinced that the remaining issues will be solved by future improvements in LED and LCOS technology.
